Chromosome aberrations induced by daunomycin, a widely used positive control compound for in vitro cytogenetics assays, were identified by multi-colour fluorescence in situ hybridization with probes for chromosomes 1, 2 and 3. The frequency and distribution of aberration types were compared to conventional metaphase analysis of Giemsastained chromosomes from parallel human lymphocyte cultures. Multi-colour chromosome painting was a more sensitive method for detecting daunomycin-induced chromosome aberrations compared with conventional metaphase analysis because: (i) a higher level of statistical significance was achieved at low doses; and (ii) the increases in aberration frequencies compared with controls were greater. The majority of exchanges identified by Giemsastaining were unstable and were likely to lead to cell death. In contrast, those detected by FISH were mostly stable exchanges which may be transmitted to cell progeny. Multicolour FISH using whole chromosome probes may provide an elegant solution to the problem of identifying non-lethal, heritable exchange events. The benefit of this technique is the quantification of a cytogenetic endpoint directly associated with carcinogenesis.
Introduction
Quantification of structural chromosome aberrations is an integral component in the strategy for the assessment of the in vitro genotoxic potential of new pharmaceuticals and industrial chemicals. Current protocols rely upon the enumeration of exchanges, deletions and gaps in Giemsa-stained chromosomes mainly derived from human primary lymphocyte or Chinese hamster immortal cultures. The predominant categories of exchanges observed are chromatid interchange figures, dicentric chromosomes and rings. Reciprocal translocations are evident in Giemsa-stained slide preparations only when the rearranged chromosomes differ significantly from the normal karyotype (Bender et al, 1988) , hence it is not feasible to make meaningful estimates of such frequencies. Banding techniques (e.g. G-banding; Sumner, 1981) may reveal the presence of translocations but such analyses are timeconsuming and requires considerable expertise. Fluorescence in situ hybridization (FISH) with chromosome-specific composite DNA probes ('chromosome painting') permits the rapid identification of reciprocal translocations involving 'target' chromosomes. Rearrangements involving the target chromosome and any other unlabelled chromosome are revealed as bi-coloured structures. Although the analysis of translocations by FISH is limited to a fraction of the genome, the scoring of chromosome painting is up to 30 times faster than G-banding (Tucker et al, 1993) and a greater number of cells may be scored.
Cells which contain dicentric, ring chromosomes or deletion aberrations are generally unstable and such cells are likely to die within the next few generations. In contrast, reciprocal translocations are regarded as stable, heritable exchanges because there is no loss of genetic information. In the in vivo situation, chromosome painting has been used to demonstrate the presence of translocations in the peripheral lymphocytes of Hiroshima atom bomb survivors several decades after exposure (Lucas etal., 1992a) . The persistance of translocations relative to dicentric chromosomes has been shown in an individual exposed to tritiated water in 1985. The translocation frequency measured by chromosome painting 6 years later was similar to the dicentric frequency measured 39 days postexposure, although the frequency of dicentrics had been reduced by a factor of about three during the intervening period (Lucas et al, 1992b) .
Chromosomal rearrangements may lead to mutation, transformation, gene amplification, gene activation and thus to carcinogenesis. The 'master gene' model suggests that transcription factors (the 'master genes' which are responsible for positive or negative regulation of 'responder genes') are the main target for chromosome translocation activation in acute leukaemias and solid tumours (Rabbitts, 1991 (Rabbitts, , 1993 . Translocations in leukaemias lead to the activation of transcription factors either by association with T-cell receptor or immunoglobulin genes, or by gene fusion (reviewed by Rabbitts, 1994) . For example, the t(8;14)(q24;q32) translocation seen in Burkitt's lymphoma results in the activation of the c-MYC oncogene whereas formation of the Philadelphia chromosome in chronic myeloid leukaemia by a translocation of chromosomes 9q34 and 22qll results in the expression of a fusion protein. Investigations of translocations in solid tumours have demonstrated the production of chimaeric transcription factors in liposarcoma, Ewing's sarcoma, rhabomyosarcoma and synovial sarcoma (Rabbitts, 1994 and references therein) .
The effects of reciprocal translocations in germ cells may be diverse, depending upon segregation patterns and the breakpoint locations. An individual carrying a balanced translocation will usually be phenotypically normal. However, such persons have an increased risk of producing gametes with an unbalanced chromosome complement which can result in spontaneous miscarriage, perinatal death or in a child with a congenital abnormality. It is estimated that approximately one in 500 newboms carry a balanced translocation (COM, 1989) .
The ease of identification of reciprocal translocations by chromosome painting has been demonstrated after in vitro exposures to radiation (Lucas et al., 1992a (Lucas et al., , 1993 Natarajan et al., 1992; Schmid et al, 1992; Bauchinger et al, 1993; Nakano et al., 1993; Tucker et al, 1993 Tucker et al, , 1995 Matsuoka et al, 1994) , restriction endonucleases (Abella Columna et al.
1993
) and bleomycin (Hoffmann et al., 1994; Ellard et al., 1995) .
Primary reciprocal translocations may be observed at the first metaphase after X-irradiation or restriction endonuclease/ bleomycin treatment of G) chromosomes where the initial lesions are double strand breaks. Secondary translocations may arise at the second metaphase after exposure to UV-irradiation or S-phase dependent chemicals, as the products of symmetrical chromatid interchanges (seen at the first metaphase) where the primary lesions are thymidine dimers, 6-4 photoproducts, DNA: DNA crosslinks or DNA adducts which may be converted to strand breaks during S phase.
The established role of reciprocal translocations in both carcinogenesis and birth defects suggests that quantification of translocations in in vitro genotoxicity studies would be a particularly relevant endpoint. With the advent of chromosome painting, the technology is now available to implement such studies. We elected to commence our studies by investigating a compound widely used as a positive control for in vitro chromosome aberration assays.
Daunomycin is a secondary metabolite of Streptomyces peucetius var. caesius which is used therapeutically in the treatment of leukaemias. It is an intercalating agent which induces single-and double-strand breaks and sister chromatid exchanges (Gilman et al., 1990) . Scission of DNA is believed to be mediated either by the action of topoisomerase II (Tewey et aL, 1984) or by the generation of free radicals.
In the present study, human lymphocyte cultures were treated with graded doses of daunomycin according to the standard protocol used for in vitro cytogenetic assays in the Glaxo Wellcome laboratory. Conventional metaphase analysis was conducted by a Glaxo Wellcome cytogeneticist and compared to multi-colour FISH analysis performed in the Swansea laboratory.
Materials and methods

Cylological preparation
Peripheral blood was obtained from a healthy male donor (aged 40 years). Cultures (10 ml) were initiated in the Glaxo/Wellcome laboratory by the addition of 1-9 ml Iscove's medium (Gibco BRL) supplemented with penicillin (100 U/ml), streptomycin (100 |ig/ml) and phytohaemagglutinin [Wellcome (reagent grade), final concentration 0.6% v/v] and incubated at 37°C for 48 h before the addition of daunomycin.
Replicate cultures (eight per dose) were then subjected to a continuous exposure of daunomycin hydrochloride (Sigma) dissolved in sterile water for irrigation (25, 50, 75 and 100 ng/ml). Cultures were harvested according to conventional methods (Scott et ai, 1990 ) either 20.5 or 44.5 h after the start of treatment. The 20.5 h period represents 1.5 cell cycles (Glaxo Wellcome in-house data) and the second harvest takes place 24 h later. Metaphase cells were accumulated by the addition of demecolcine (Sigma; 0.2 ng/ml) 2 h prior to harvest. Air-dried chromosome spreads from two cultures per dose (per harvest) were stained with 10* Giemsa. The cell pellets from the remaining cultures were transferred to the Swansea laboratory and stored at -20°C in methanol:acetic acid (3:1) prior to in situ hybridization.
In situ hybridization Cell pellets were resuspended in fresh, pre-chilled fixative and a few drops of cell suspension dropped onto microscope slides. These slides were aged overnight (or for up to 2 weeks) at -20°C and pretreated for 30 min in RNase [Sigma, type III-A; final concentration 100 Ug/ml in 2X sodium chloride/ sodium citrate (SSC)] at 37°C. Human chromosome specific DNA probes were purchased from Vysis and FISH performed according to the manufacturer's instructions The hybridization mix comprised 0.5 uj chromosome 1 probe labelled with Spectrum Orange, 0.5 (il chromosome 1 probe labelled with Spectrum Green, 1 \L\ chromosome 2 probe labelled with Spectrum Orange, 1 ul chromosome 3 probe labelled with Spectrum Green and 7 uJ hybridization buffer (or 1 ul chromosome 4 probe labelled with Spectrum Green, 1 nl chromosome 8 probe labelled with Spectrum Orange, 1 |il dH 2 O and 7 |il hybridization buffer). Probe DNA was denatured at 70°C for 5 min and applied to chromosomal DNA (denatured for 2 min at 70°C in 70* formamide (Sigma)/2x SSC]. Following overnight hybridization at 37°C, slides were washed at 45°C in 5fJ% formamide/2X SSC (3X10 min), once in 2X SSC (10 min) and finally in 2X SSC/0.1% Nonidet-P-40 for 5 min The slides were mounted in a 1/10 dilution of 4'6-diamidino-2-phenylindole (DAPI) counlerstain (VysisVantifade (Vector) and stored in the dark at 4°C After FISH analysis, the slides were stained with Giemsa (20%) and aberrant metaphases were re-examined using standard light microscopy (Nakano et al., 1993) in order to confirm the number of centromeres per rearranged chromosome.
Scoring of aberrations
Conventional metaphase analysis (200 cells per dose) was conducted in the Glaxo Wellcome laboratory. A Miamed Metaphase Finder (Leitz) was used to locate metaphase cells and aberrations were classified according to the scheme of Savage (1976) with modifications described by Scott et al. (1983) .
Fluorescence microscopy was performed using an Olympus BH2 microscope equipped with single band pass filters to visualize Spectrum Green and Orange (Olympus) and a triple band pass filter (chromatechnology) which allows simultaneous detection of DAPI, Spectrum Green and Spectrum Orange. Where possible, 500 metaphases were scored for each dose point.
A Probemaster digital imaging system (PSI Ltd) was used to capture, digitize, annotate and print multi-colour images All aberrant metaphase cells were recorded. The Protocol for Aberration Identification and Nomenclature Terminology (PAINT) system described by Tucker et al. (1995) was employed to describe aberrations detected by chromosome painting, where t = translocation, die = dicentric/polycentnc chromosome, ins = insertion and r = ring. Fragmented chromosomes are denoted as e.g. f(C), f(c) or f(ac) in order to describe both acentric and centric chromosome products of breakage In contrast to staining by Giemsa, chromosome painting clearly reveals the deleted chromosome (i.e. centnc with part of an arm missing) in addition to the acentric fragment. An example is shown in Figure la. [N.B. The PAINT system includes only acentric fragments, e.g ace(c) or ace(ac)]
Results
Examples of metaphase cells painted simultaneously with probes for chromosomes 1, 2 and 3 or 4 and 8 are shown in Figure 1 . The technique of ratio-mixing was incorporated in the chromosome painting protocol in order to generate three colours from two fluorochromes; chromosomes 1, 2 and 3 appear yellow, red and green respectively when viewed through a triple band pass filter. Spectrum Green-labelled chromosomes 1, 3 and 4 were visible with the blue filter (excitation 490 nm) and Spectrum Orange labelled chromosomes 1, 2 and 8 with the green filter (545 nm). Chromosomes 2, 3, 4 and 8 exhibited red or green fluorescence along their total length. The pericentromeric heterochromatin of chromosome 1 was not labelled by the probe, but was visible by the intense staining observed with DAPI which is specific for the predominance of AT base pairs which characterize heterochromatic DNA. In addition, the distal parts of the short arms (Ip33 to lpter) were not labelled by the probe, thus small deletions or rearrangements involving the p arm termini are likely to remain undetected.
The percentages of aberrant cells detected by Giemsa staining or multi-colour FISH following treatment with daonomycin are shown in Table I . A statistically significant increase (P < 0.01) in the proportion of aberrant cells and the number of cells containing exchange aberrations was recorded in cultures exposed to doses of 50 ng/ml (second harvest only), 75 or 100 ng/ml (both harvest times) and analysed by Giemsa staining or multi-colour FISH. However, differences between the two methods were observed at the lower doses. For the first harvest, after treatment with 25 ng/ml daunomycin, no increase in aberrant cells was seen by Giemsa staining, although a significant increase in aberrant cells (P < 0.01) and cells with exchanges (P < 0.05) was detected by multi-colour painting with probes for chromosomes 1. 2 and 3. Similarly, at a dose of 50 ng/ml, the number of cells with exchange aberrations identified by Giemsa staining was not significantly elevated compared with the control, whereas for FISH, significance at the P < 0.01 level was achieved. Table II shows the frequencies of aberrations detected by conventional metaphase analysis and multi-colour chromosome painting. Greater fold increases compared to the control were observed in aberration frequencies enumerated by FISH compared to Giemsa staining.
The aim of this study was to compare the performance of multi-colour chromosome painting with that of conventional metaphase analysis for the detection of chromosomal rearrangements. We wished to compare the estimated genomic aberration frequencies obtained from the chromosome painting analysis with the data generated by Giemsa staining. The A-group chromosomes 1. 2 and 3 comprise 23.9% of the genome (Mayall et al., 1984) . Using the approach suggested by Lucas et al. (1989a Lucas et al. ( ,b. 1992a Lucas et al. ( , 1993 , the proportion of the total exchanges detected was calculated as 40.2% (Ellard et al., 1995) . Table II . Frequency of aberrations and fold increases compared to controls detected by Giemsa staining or multi-colour chromosome painting (1,2 and 3) in human lymphocyte cultures treated with daunomycin. Genomic exchange frequencies for chromosome painting were calculated by multiplying the observed frequencies by 2.5. This calculation is explained in the Results section The estimated genomic frequencies calculated from the chromosome painting data are included in Table n. These genomic frequencies were calculated by multiplying the observed frequency of exchanges by 2.5 (i.e. 100/40.2) and are similar to the frequencies observed in Giemsa-stained preparations.
The results from the analysis of Giemsa-stained chromosomes are presented in Table m . A dose-dependent response was observed for the induction of both chromosome and chromatid-type deletions and exchanges. At the first harvest, the proportion of induced chromatidxhromosome aberrations was almost equal. Conversion of chromatid aberrations to chromosome-type aberrations during subsequent cell divisionfs) resulted in a predominance (89%) of chromosome-type aberrations at the second harvest, 24 h later.
Table IV details the frequency and types of aberrations detected by multi-colour FISH. These included deletions (see The distribution of exchange aberrations identified by Giemsa staining and FISH is illustrated by Figure 2 . The majority of exchanges (53 and 73% at the first and second harvest respectively) detected by FISH arc likely to be stable (i.e. translocations, symmetric quadriradials and some inter/ intra arm exchanges). In contrast, exchange aberrations identified by conventional metaphase analysis were mostly unstable (19 and 28% of exchanges from the first and second harvest respectively were assigned to the categories listed above).
In view of the smail number of exchanges involving the A-group chromosomes identified by Giemsa-staining of cultures harvested after 44.5 h exposure to daunomycin (12% compared with a predicted 40.2%), we investigated possible chromosome bias by employing probes for chromosomes 4 (B-group) and 8 (C-group) for further analysis of untreated cells and those exposed to a concentration of 50 ng/ml daunomycin for 44.5 h. These results are included in Table  IV . The estimated genomic exchange frequency after treatment with 50 ng/ml daunomycin was calculated as 4.6/100 cells. This frequency does not appear significantly different to that calculated for chromosome painting with probes for 1,2 and 3, although the number of exchanges observed was small.
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Discussion
Multi-colour chromosome painting is a relatively new development in the advancement of FISH technology. Until recently, the maximum number of colours reported by ratio-mixing was 12 (Dauwerse et al, 1992) . The ultimate goal is to generate a molecular karyotype where each chromosome is recognized by its unique ratio of fluorochromes. This has now been achieved by Speicher et al. (1996) . However, until image analysis systems with the appropriate computer software become widely available for semi-automated analysis of chromosome aberrations, this approach is not practical for the analysis of large numbers of cells. In the meantime, a compromise is sought between using multiple chromosome probes to obtain maximum information per metaphase cell without sacrificing the speed of analysis which is one of the main advantages of the technique.
In this study, exchanges involving A-group chromosomes were monitored by FISH. In order to compensate for the reduced proportion of exchanges detected (relative to Giemsastaining where the whole genome is examined), the number of cells scored for all except the top doses (100 ng/ml first harvest and 75 ng/ml second harvest) was increased to 500, 542 i.e. 200 cell equivalents. It was possible to score 500 painted cells within 5 h (including time for image capture, annotation etc.). This is comparable with the time required to analyse 200 Giemsa-stained metaphases and yields a greater amount of information per cell.
Analysis of 2000 metaphase cells from untreated lymphocyte cultures by chromosome painting revealed three reciprocal translocations (two involving chromosome 2 and an unpainted chromosome; one involving chromosomes 4 and 8). This low background frequency of aberrations (the genomic exchange frequency is 0.5%) undoubtedly contributes to the increased statistical sensitivity of the FISH method compared to conventional metaphase analysis (see Table I ) and to the greater fold increases observed compared with the controls (Table II) .
At the first harvest (20.5 h from the start of treatment) 49% of the induced aberrations identified by Giemsa staining were of the chromatid type. The majority of chromatidtype aberrations appear to go undetected by FISH analysis, presumably due to inferior chromosome morphology/reduced optical resolution obtained with painted preparations. However, as predicted, the frequency of translocations identified by FISH exceeded that determined by conventional analysis, with the result that for the first harvest, the estimated genomic exchange frequencies for the two methods were similar. At the second harvest, the majority of aberrations identified in Giemsa stained preparations were of the chromosome-type (89%). We therefore expected to obtain higher genomic exchange frequencies by chromosome painting, since both dicentrics and translocations would be readily visible. This was indeed the case for doses of 50 and 75 ng/ml, but not for 25 ng/ml.
Conventional metaphase analysis of these second harvest cultures by Giemsa-staining revealed the involvement of the A-group chromosomes in only 3 of the 25 exchange aberrations Chromosonte painting to detect daunomydn induced aberrations Frequency of chromosome aberrations detected by multi-colour FISH (1,2 and 3 To explore the possibility that chromosomes 1, 2 and 3 are underepresented in exchange aberrations at the second harvest, we probed slide preparations from cultures exposed to 50 ng/ml daunomycin with paints for chromosomes 4 and 8. The estimated genomic frequencies were not significantly different to those calculated from FISH with probes for chromosomes 1, 2 and 3. Further investigation by testing other chromosome combinations is required to establish whether chromosome bias is a confounding factor. G-banding analysis of radiation induced translocation breakpoints has revealed over-or under-representation of certain chromosomes in human fibroblast and lymphocyte cultures irradiated in vivo and in vitro (San Roman and Bobrow, 1973; Bauchinger and Gotz, 1979; Dutrillaux et al., 1981; Lee and Kamra, 1981; Tanaka et al., 1983; Buckton, 1983; Kano and Little, 1986; Barrios et al., 1989; Lucas et al., 1992a) . The ease of identification of translocations by chromosome painting presents an opportunity to test this hypothesis by comparing the relative propensity for participation in exchanges of different chromosome pairs or combinations of chromosomes. However, the results obtained to date show some discord. The frequency of exchanges induced in irradiated human lymphocytes (Pandita et al, 1994) and fibroblasts (Kovacs et al., 1994) was proportional to DNA content of the hybridized chromosomes, whereas Knehr et al. (1994) observed some deviations from the predicted frequencies for chromosomes 2, 9, 10 and 12 in human lymphocytes. The issue of chromosome bias is an important question when deciding upon the target chromosomes for hybridization. Until more information is available regarding both the spontaneous distribution of translocation breakpoints and the spectrum induced by genotoxins, this issue will remain unresolved.
The failure to detect chromatid interchange figures is a severe limitation of the chromosome painting method; no quadriradials and only one triradial were observed in this study. Presumably such rearrangements were erroneously identified as chromosomes lying in close proximity to each other. This has implications for the application of chromosome painting for the analysis of S phase dependent chemicals which induce chromatid-type aberrations at the first metaphase following exposure. However, we have recently utilized a sequential 544 hybridization protocol to label the centromeres with a pancentromeric DNA probe (Cambio) after painting chromosomes 1, 2 and 3. We have successfully applied this methodology to the identification of chromatid interchanges induced by camptothecin (unpublished data).
Multi-colour chromosome painting demonstrated the induction of both reciprocal and non-reciprocal translocations by daunomycin. These non-reciprocal translocations may be true terminal translocations or reciprocal translocations where one of the breakpoints is located close to the telomere. Nonreciprocal translocations comprised 43% (24/56) of translocations which suggests that daunomycin may preferentially target the telomeric/subtelomeric region of chromosomes. Nonreciprocal translocations have been identified in peripheral lymphocytes from unexposed persons, victims of the Chernobyl accident and lymphocytes irradiated in vitro (Tucker and Senft, 1994) .
A greater number of reciprocal translocations compared to dicentric chromosomes were observed by chromosome painting (Table IV) , particularly at the second harvest. If some of the chromosome exchanges are secondary aberrations derived from chromatid-type exchanges, this may be due to the loss of cells carrying asymmetric chromatid exchanges (triradials and asymmetric quadriradials) and propagation of cells with symmetric quadriradials which are duplicated to form translocations (both reciprocal and non-reciprocal).
FISH with chromosome-specific probes is a powerful tool for the identification of structural chromosome rearrangements. Analysis by chromosome painting is fast and more metaphases are analysable compared with conventional methods since the requirement for perfectly spread metaphase chromosomes is obviated. In the present study, ~90% of metaphases at the top dose were judged to be scorable by FISH (based upon the criteria that the painted chromosomes were brightly painted and clearly identifiable as normal or aberrant) whereas only -50% were scored on the equivalent Giemsa-stained slides where the criteria were more stringent; metaphase spreads with 45 or 46 clearly defined centromeres and well spread chromatid arms. This dose of daunomycin (100 ng/ml) caused some aberrant metaphases which, due to the nature and complexity of the aberrations together with inferior chromo-some morphology, did not fulfil the criteria for analysis. Since a greater proportion of metaphase cells are scored by FISH, a more accurate estimate of the percentage of aberrant cells may be obtained because bias introduced by the cell selection process is avoided. For example, if a chemical has a detrimental effect upon chromosome morphology, the metaphase population selected for analysis may be biased towards undamaged cells with the result that the aberration frequency is underestimated.
Examination of the distribution of exchange aberration types revealed that the two methods of analysis detect different types of exchanges which will have different implications for the ultimate fate of the affected cell. Conventional metaphase analysis detects mainly unstable exchanges and deletions which will lead to cell death, whereas chromosome painting allows the identification of non-lethal, stable exchanges which are transmissible. The major advantage of the chromosome painting technique is the detection of these reciprocal translocations, both primary and secondary. Reciprocal translocations are associated with proto-oncogene activation and congenital abnormalities, hence this approach provides an opportunity to monitor the induction of an endpoint which is directly associated with carcinogenesis and birth defects.
